The objective of the study was to examine whether infant neuromotor development is determined by fetal size and body symmetry in the general population. This study was embedded within the Generation R Study, a population-based cohort in Rotterdam. In 2965 fetuses, growth parameters were measured in mid-pregnancy and late pregnancy. After birth, at age 9 to 15 wks, neuromotor development was assessed with an adapted version of Touwen's Neurodevelopmental Examination. Less optimal neuromotor development was defined as a score in the highest tertile. We found that higher fetal weight was beneficial to infant neurodevelopment. A fetus with a 1-SD score higher weight in mid-pregnancy had an 11% lower risk of less optimal neuromotor development (OR: 0.89; 95% CI: 0.82-0.97). Similarly, a fetus with a 1-SD score larger abdominal-to-head circumference (AC/HC) ratio had a 13% lower risk of less optimal neuromotor development (OR: 0.87; 95% CI: 0.79 -0.96). These associations were also present in late pregnancy. Our findings show that fetal size and body symmetry in pregnancy are associated with infant neuromotor development. These results suggest that differences in infant neuromotor development, a marker of behavioral and cognitive problems, are at least partly caused by processes occurring early in fetal life. (Pediatr Res 67: 132-137, 2010)
N euromotor development is an accepted means of measuring maturity of the CNS. It is a measure of brain development, which can be used at an early age. Most importantly, less optimal neuromotor development in infancy is a precursor of impaired motor functioning later in life (1) and can also be considered a marker for behavioral and cognitive problems (2, 3) .
Neuromotor impairment in low birth weight infants can be caused by damage to the immature brain during delivery or by medical interventions performed after birth (4) . However, it is more likely that deviances in the brain development originate before birth. A theory that relies on this early origin is the "fetal programming hypothesis," which states that fetuses adapt to limited supplies of nutrition and oxygen. These adaptations program the fetus' physiology, metabolism, and growth, increasing the risk of later diseases; not only of cardiovascular diseases (5) but also of mental health problems (6, 7) .
Most research on the fetal programming hypothesis has focused on the impact of low birth weight; the effects of normal variations in birth weight on later development are less clear, although several studies have investigated associations of birth weight with various outcomes in the general population (8 -10) . Besides, there are only a few population-based studies that assessed fetal size during pregnancy (11) . Commonly, birth weight is used as an indicator of fetal growth. However, birth weight does not provide information on patterns of growth at different stages in gestation. Different growth patterns may lead to differences in body proportions at birth. This symmetrical or asymmetrical growth has been associated with different risk factors for developing diseases (12, 13) . While undergoing fetal growth restriction due to environmental influences, an individual fetus may still reach a normal birth weight because of his high genetic growth potential.
We measured fetal size in mid-pregnancy, in late pregnancy, and at birth and infant neuromotor development at the age between 9 and 15 wks. Furthermore, we conducted our study in the general population and investigated the neuromotor effects of variations in fetal size within the normal range. Smaller fetal size was expected to increase the risk of less optimal infant neuromotor development.
METHODS
Design and participants. This study was embedded within the Generation R Study, a population-based cohort from fetal life until young adulthood in the Netherlands. Briefly, all pregnant women who were resident in the city of Rotterdam at the time of their delivery and whose delivery data were between April 2002 and January 2006 were invited to participate (14) . In this study, fetal size characteristics were assessed in 5621 fetuses in mid-pregnancy and in 5815 fetuses in late pregnancy. In 5507 fetuses, assessments were carried out both in mid-pregnancy and in late pregnancy. No neuromotor assessment was performed in 1641 infants because their mothers did not want a home visit (n ϭ 1010, 62%), were difficult to reach, and were visited when the infants were too old for a neuromotor assessment (n ϭ 547, 33%). Another 5% of these mothers could not be reached (n ϭ 84). A neuromotor assessment was performed in 4288 infants, but 1323 infants were assessed outside the 9-to 15-wk age range appropriate for Touwen's Neurodevelopmental Examination. Thus, 2965 infants were included in one or more analyses. The study was conducted in accordance with the guidelines proposed in the World Medical Association Declaration of Helsinki and has been approved by Medical Ethics Committee of the Erasmus Medical Center, Rotterdam. Written informed consent was obtained from all the participants.
Fetal ultrasound examinations and birth weight. Fetal ultrasound examinations were performed at the research centers in early pregnancy, midpregnancy, and late pregnancy. Ultrasound examinations in early pregnancy were used for establishing gestational age and could not be used in our analyses. For this study, gestational age-adjusted SD scores for abdominal circumference, head circumference, abdominal-to-head circumference (AC/ HC) ratio, as an indicator of asymmetrical fetal growth (12) , and estimated fetal weight were used (15) . In this study, the median (95% range) gestational age for the fetal ultrasound examinations in mid-pregnancy was 20.4 (18.6 -23.5) wks; in late pregnancy, it was 30.2 (28.5-32.9) wks. Intraobserver and interobserver reliability of fetal biometry measurements were assessed in early pregnancy; all intraobserver and interobserver intraclass correlation coefficients (ICCs) were above 0.982 (16) . Infant birth weight was obtained from medical records completed by midwives and gynecologists.
Covariates. Postal questionnaires were used to obtain information on the mother's educational level, on her smoking and alcohol use during pregnancy, parity, family functioning, long-lasting difficulties, and also on ethnicity of the child. Obstetric and perinatal variables (gestational hypertension, gestational diabetes, preeclampsia, mode of delivery, sex, date of birth, and Apgar score after 1 min and after 5 min) were obtained from midwife and hospital registries. Gestational age was determined by fetal ultrasound examinations and was used as it is distributed in the study population, including mostly infants born after a normal gestational age (37 wks or more) and some infants born after a gestational age shorter than 37 wks (Ͻ37 wks, n ϭ 160; Ͻ34 wks, n ϭ 31). Infant's head circumference and height at the age of 1 mo were measured at the Dutch child health centers in the study area using standardized procedures. Maternal age and maternal and paternal anthropometrics were assessed at enrolment in one of the research centers. Antenatal and postnatal maternal anxiety and depression were assessed with the Brief Symptom Inventory (17) . A score in the highest 15% was defined as being anxious or depressed (18) .
Outcome: Neuromotor assessment. We selected age-appropriate items from Touwen's Neurodevelopmental Examination (19) and categorized all measured items in three groups: tone (24 items), responses (six items), and other observations (six items). Tone was assessed in several positionssupine, horizontal, vertical, prone, and sitting-and all items, such as adductor angle, were scored as normal, low, or high tone. Responses were assessed in supine (e.g. asymmetrical tonic neck reflex), vertical (e.g. Moro response), or prone position (e.g. Bauer response) and were scored as present, absent, or excessive. Other observations, such as following movements, were scored as present, absent, or excessive. A full description of the measured items has been published (20) . An age-appropriate response was labeled "optimal." If the response indicated a delayed development, the response was labeled "nonoptimal." Scale values were calculated by summing the nonoptimal items. This resulted in a total score and three subscale scores: tone, responses, and other observations. As we studied a nonclinical population, the outcome measures were very skewed; neither square root nor log transformation could satisfactorily normalize the data. For this reason, we categorized the sum scores of the total and the subscales into tertiles, subsequently classifying the lowest and middle tertiles as optimal neuromotor development and the highest as less optimal. For the total scale, a subject with a less optimal neuromotor development, i.e. with a score in the highest tertile, was classified as such when they had a nonoptimal score on at least four items. Likewise, for the tone subscale, a subject had at least three nonoptimal scored items to be classified in the highest tertile. For the subscales measuring responses and other observations, one or more nonoptimal scored items resulted in classification in the highest tertile.
Moreover, we performed a reliability study to test the short-interval test-retest interobserver reliability and the interobserver reliability. The short-interval test-retest interobserver reliability test (n ϭ 61) consisted of a first assessment by a research assistant, followed within 1 wk by a second assessment by another research assistant. For the interobserver reliability test (n ϭ 76), two research assistants together went on a home visit in which they independently conducted two consecutive neuromotor assessments in the same child. The ICCs for the short-interval test-retest reliability and the interobserver reliability were 0.52 and 0.64, respectively. The ICCs for the reliability of the neuromotor assessment were in the "modest" (0.41-0.60) to "substantial" (0.61-0.80) range (21) , and in line with the study by Peters et al. (22) who reported a moderate to good reliability of modified Touwen examination. However, it is difficult to compare these values with a criterion because the ICC is influenced by features of the data, such as its variability (the ICC will be greater if the observations are more variable).
During a period of ϳ3 y (children were born between April 2002 and January 2006), neuromotor assessments were performed by, in total, 15 trained research assistants. Six of them participated in the reliability study. Furthermore, the trained research assistants were blinded for gestational age of the infants.
Statistical analyses. Chi-square tests and one-way ANOVA were used for a crude comparison between selected variables regarding infants with optimal and less optimal neuromotor development.
For this study, we did not use the original data obtained in mid-pregnancy, late pregnancy, and at birth, rather we used gestational age-adjusted SD scores of abdominal circumference, head circumference, AC/HC ratio, estimated fetal weight, and birth weight.
By calculating the difference between the respective fetal size parameters in late and in mid-pregnancy, i.e. delta scores, we assessed fetal growth from mid-pregnancy to late pregnancy. Likewise, weight growth from late pregnancy until birth was assessed by calculating the difference between SD scores of birth weight and estimated fetal weight in late pregnancy. We checked whether the 90% CIs of the ORs for weight growth from midpregnancy to late pregnancy and from late pregnancy to birth overlapped. This is a crude but conservative test to estimate whether two ORs are different.
We calculated mean fetal size parameters for boys and girls. Pearson's correlation coefficients were calculated to determine the associations between fetal size parameters at one point in time, i.e. in mid-pregnancy and in late pregnancy. In addition, Pearson's correlation coefficients were calculated between the two time points for each fetal size parameter to determine the stability of an individual size measure relative to other children. The associations of fetal size and growth with infant neuromotor development were assessed using logistic regression analysis. All models were adjusted for gestational and postnatal age and infant's gender. We also present models adjusted for maternal educational level, smoking during pregnancy, maternal age, and ethnicity of the child. No other confounders were included in the analyses because these variables did not change the observed associations (change-in-estimate Ͻ5%). The conventional change-in-estimate criterion is a change of 10% or more (23) . Because nonexperimental studies, like ours, are very sensitive to residual confounding, we used a more conservative changein-estimate criterion (5%).
To determine whether the associations between fetal size and infant neuromotor development were independent of birth weight and postnatal size, we added birth weight, head circumference, and height at 1 mo to the fully adjusted models.
To check whether inclusion of preterm, growth-retarded infants, or infants whose mothers had preeclampsia, gestational hypertension, or gestational diabetes explained our findings, we repeated the analyses without: 1) infants born before 37 wks of gestation (n ϭ 113), 2) infants with fetal size or symmetry parameters below the 10th percentile (n ϭ 292), and 3) infants whose mothers had preeclampsia, gestational hypertension, or diabetes (n ϭ 135).
RESULTS
Excluded infants without a neuromotor assessment or with an assessment conducted too late were on average born earlier (mean gestational age 39.8 wks) and more often of non-Dutch origin (44%), than included infants with complete data (mean gestational age 40.0 wks; 40% non-Dutch). Mothers of not included infants were lower educated (primary education 14%), younger (mean age 29.5 y), and more often continued smoking during pregnancy (19%), when compared with mothers of included infants (primary education 10%; mean age 30.3 y; continued smoking 14%; see Table 1 ).
Characteristics of the study population are presented in Table 2 . Mothers of infants with less optimal neuromotor development were lower educated and younger than mothers of infants with optimal neuromotor development. Infants with less optimal neuromotor development were more often boys and of non-Dutch origin than those of infants with an optimal neuromotor development. Table 3 presents SD scores of fetal size parameters in mid-pregnancy and late pregnancy for boys and girls. In mid-pregnancy and late pregnancy, boys had on average, a significantly larger abdominal circumference and head circumference than girls. In addition, in mid-pregnancy and in late pregnancy, the mean AC/HC ratio was significantly smaller in boys than in girls.
Abdominal circumference and head circumference were moderately correlated in late pregnancy (r ϭ 0.44). Also, abdominal circumference was moderately correlated with birth weight (r ϭ 0.54). Abdominal circumference had a high correlation with both the AC/HC ratio (r ϭ 0.76) and an estimated fetal weight (r ϭ 0.92). In contrast, head circumference had a negative correlation with AC/HC ratio (r ϭ Ϫ0.24) and was moderately correlated with estimated fetal weight and with birth weight (r ϭ 0.45 and r ϭ 0.39, respectively). The preceding late pregnancy correlation coefficients were highly similar in mid-pregnancy. Finally, fetal size parameters in mid-pregnancy were significantly correlated with the respective fetal size parameters in late pregnancy (minimum r ϭ 0.30, maximum r ϭ 0.53). Estimated fetal weight in mid-pregnancy and in late pregnancy was moderately correlated with birth weight (r ϭ 0.27 and r ϭ 0.57, respectively). Table 4 shows the associations between fetal size parameters and infant neuromotor development. These associations were of similar strength in mid-pregnancy and in late pregnancy. For a 1-SD score increase in abdominal circumference, the risk of less optimal neuromotor development was 11% lower (OR: 0.89; 95% CI: 0.82-0.97). For each increase of 1-SD score in AC/HC ratio, the risk of less optimal neuromotor development was 13% Values are percentages for categorical variables, means (SD) for continuous normal distributed variables.
Chi-square tests were used for categorical variables, ANOVA was used for continuous variables with a normal distribution.
* Included participants with at least one fetal size parameter in midpregnancy or in late pregnancy and neuromotor assessment at corrected age between 9 and 15 wks.
† Comprises 1641 eligible mothers with children who had a fetal size measurement but no neuromotor assessment and 1323 eligible mothers and children who had a neuromotor assessment out of the appropriate age range.
‡ p Ͻ 0.01. (Table 4) . Exclusion of preterm infants (Ͻ37 wks of gestation), infants with a fetal size parameter below the 10th percentile or infants whose mothers had preeclampsia, gestational hypertension, or diabetes also did not change the results (data not shown).
As effects were very similar in mid-pregnancy and in late pregnancy, it followed that infant's neuromotor development was not influenced by fetal growth from mid-pregnancy to late pregnancy. In addition, there was no effect of weight growth from late pregnancy until birth on infant neuromotor development (Table 5 ). It is unlikely that the ORs for the two weight growth periods are significantly different because the 90% CIs were very similar (90% CI for weight growth from mid-pregnancy to late pregnancy 0.97-1.13; 90% CI for weight growth from late pregnancy until birth 0.96 -1.11).
Adding birth weight, head circumference, and height at 1 mo to the fully adjusted models did not change the effect estimates for the associations between fetal size in midpregnancy and infant neuromotor development. The odds ratio for the association between abdominal circumference and infant neuromotor development was not at all affected by this additional adjustment (OR: 0.88; 95% CI: 0.81-0.96). With each 1-SD increase in AC/HC ratio, the risk of less optimal neuromotor development was 13% lower (OR: 0.87; 95% CI: 0.78 -0.96), which corresponds to an only very marginally reduced effect. Likewise, with a 1-SD increase of estimated fetal weight (OR: 0.89; 95% CI: 0.82-0.97), the observed risk of less optimal neuromotor development was 11% less, which was exactly the same as without the additional adjustment. In addition, the associations between fetal size in late pregnancy and infant neuromotor development were independent of birth weight and postnatal infant anthropometrics (data not shown).
DISCUSSION
This study shows that a fetus with a lower body weight or with asymmetrical growth is more likely to have less optimal neuromotor development in infancy. Already in mid- Delta scores, i.e. difference between late and mid-pregnancy or between birth and late pregnancy 2721 of 2965 had fetal size measurements in mid-pregnancy and in late pregnancy.
Logistic regression analyses adjusted for gender child, and gestational and postnatal age, educational level, smoking and age mother, and ethnicity of the child. n ϭ 2965 infants were included in one or more analyses. Model I: logistic regression analyses adjusted for gender child, and gestational and postnatal age.
Model II: logistic regression analyses additionally adjusted for educational level, smoking and age mother, and ethnicity of the child.
* p Ͻ 0.01. † p Ͻ 0.05.
pregnancy, body size predicted a poorer neuromotor development. These associations were also present in late pregnancy. Fetal size and body symmetry predicted infant neuromotor development independent of birth weight and postnatal growth. Neuromotor development is a measure of maturation of the CNS and an indirect indication of brain dysfunction (24, 25) . Brain structures begin to form in the first weeks after conception and the brain is thus from early pregnancy onward vulnerable to damaging influences (26) . As the brain develops throughout pregnancy, adverse factors impairing fetal growth, such as placental insufficiency, could negatively affect the development of the CNS continuously during pregnancy.
Harvey et al. (27) found that small for gestational age babies with prolonged growth impairment beginning before 26 wks of gestation (n ϭ 10) more often had poor perceptual performance and motor ability at the age of 5 y. This, like our results, suggests that differences in neuromotor development are, at least partly, caused by processes occurring early in fetal life, although the results of this study cannot be compared directly with the results of our study. In addition, our results show that differences in infant neuromotor development are explained by fetal size and body symmetry within the normal range.
Most population-based studies on the effects of intrauterine growth restriction are performed in high-risk populations. Typically, differences in neuromotor outcomes between a high-risk group and a low-risk group are investigated (28, 29) . We conducted our study in the general population with only few growth-retarded infants. Nevertheless, we found that fetal size and body symmetry were associated with the infant's neuromotor development; excluding infants born preterm (Ͻ37 wks), with a fetal size or body symmetry parameter below the 10th percentile or infants whose mothers had preeclampsia, gestational hypertension, or gestational diabetes did not change our findings. This suggests significant linear trends across continuous distributions.
There are several possible mechanisms that may underlie the associations between fetal size and body symmetry and infant neuromotor development. First, according to the fetal programming hypothesis, malnutrition in mid-pregnancy or late pregnancy could play a crucial role in fetal growth (5) . The main characteristic of fetal growth is cell division, which occurs at a high pace and depends on nutrition and oxygen. When a lack of nutrition and oxygen occurs, the fetus adapts and slows its rate of cell division, especially in organs that go through a critical period at that time. Consequently, this reduces the number of cells in particular organs (30, 31) , which may also affect growth or size of the brain and with that influences neuromotor functioning after birth. We did not find that growth from mid-pregnancy until birth affected neuromotor development but found only that fetal size and body symmetry in mid-pregnancy were related to infant neuromotor development. This may indicate that smaller fetuses in midpregnancy continue to be smaller throughout pregnancy and that these fetuses have an increased risk of less optimal neuromotor development in infancy.
Another mechanism that may explain the association of fetal size and body symmetry and infant neuromotor functioning is the regulation of the maternal stress system, in particular the hypothalamic pituitary adrenal axis. Several studies have suggested that antenatal maternal distress impacts on both fetal growth and infant neuromotor development (32) . Because adjusting for antenatal maternal symptoms of anxiety and depression did not change our effect estimates, it is unlikely that this mechanism accounts for a substantial part of our findings.
Third, a shared genetic factor may underlie the association between fetal growth and neuromotor development. The association between maternal length and maternal weight and the offspring's birth weight is in part explained by genetic influences (33, 34) . It is also known that maternal height and weight have a genetic influence on neuromotor functioning (35) . Against this background, we considered maternal height and weight as potential confounders. However, they had no influence on the observed associations. The observed link between fetal growth and neuromotor development can thus only be explained by genetic factors unrelated to maternal anthropometrics.
The AC/HC ratio has been shown to be useful in distinguishing symmetrical from asymmetrical growth (12) . Asymmetrical growth suggests that the fetus has a relatively large head circumference compared with its abdominal circumference. The measure is used as an indicator of fetal blood flow redistribution. Although head circumference by definition is less affected, it does not mean that brain development is unimpaired. A study by Duncan et al. (36) showed that the brain growth slowed well before growth of head circumference in cases of impaired fetal development. Also, Scherjon et al. (37) found poorer cognitive functioning when circulatory adaptation in fetuses occurred. In this study, we found that head circumference in mid-pregnancy and in late pregnancy was not associated with infant neuromotor development, whereas smaller abdominal circumference, AC/HC ratio, and estimated fetal weight resulted in less optimal neuromotor development in infancy.
A major strength of this study is that both determinants and outcome were measured by trained sonographers and research nurses and were not reported by the mother. Furthermore, this study is embedded in a large population-based cohort study, which enabled us to adjust for a large number of confounders. Although selection of these covariates was based on previous studies, only few of them influenced the associations under study. Finally, the multiethnic composition of our study population may reduce generalizability of the results to the general Dutch population, but certainly makes the results more generalizable to countries with non-Western populations. Moreover, adjusting for ethnicity did not attenuate the significant associations between fetal size and infant neuromotor development. This suggests that the results may even be relatively independent of ethnicity.
Several methodological limitations need to be discussed. First, selective nonresponse could have influenced our results, e.g. if participants with impaired grown fetuses were more likely than nonparticipants to have an infant with less optimal neuromotor development. However, because participants were blinded for the associations under study, and because we are studying the effects of subtle differences in fetal growth, it is unlikely that selective nonresponse substantially influenced our findings. Second, because fetal ultrasound examinations in early pregnancy were used to establish gestational age, we were not able to assess the relation between early fetal size and infant neuromotor development. Furthermore, any error in the estimation of gestational age may reduce the variance of infant neuromotor development explained by fetal size. Third, as we studied a nonclinical population, neuromotor measures were very skewed and could not be normalized by statistical transformations. Therefore, the scale scores were categorized, resulting in less power for analyses. Finally, although our associations were influenced by only few of the many measured potential confounders, we cannot exclude that residual confounding partly explains our results.
This study shows that, in the general population, fetal size and body symmetry in mid-pregnancy and in late pregnancy are associated with infant neuromotor development. Taking account of several influential confounders did not attenuate these significant associations. This study suggests that differences in neuromotor development are, at least partly, caused by processes occurring early in fetal life. Although the effects of fetal size variations on infant neuromotor development were modest and could not be interpreted clinically very easily, they may well have impact on population level. In addition, these effects may shed light on mechanisms underlying optimal child development. Future research is necessary to determine whether the negative effects of impaired fetal growth on infant neuromotor functioning are transient, persistent, or progressive.
